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APOLLO-SKYLAB CONTAMINATION PHOTOGRAPHY (S226) 


INTRODUCTION 


The purpose of the Skvlab Contamination Photography Experiment (S226) 
on Apollo 1(> was to obtain data eoneerning exterior eontamination induced by and 
associated with manned spacecraft. The functional test objectives were to 
measure the background brightness from the spacecraft coma, to obtain data on 
particulate size and dynamics during a dump of liquids, and to determine the 
decay of the background brightness resulting from these dumps [ 1). 

The 35-mm Nikon camera with the 55-mm lens was used for the back- 
ground brightness measurements. For the particle dynamics measurements, 
two l()-mm Data Acquisition Cameras ( DAC) and the 70-mm Hasselblad Elec- 
tric Camera (llEC) were used. Kodak type 2485 film was used for all portions 
of the experiment. 

Exposures to record the background brightness of the residual contam- 
ination cloud were to be taken ( 1) in lunar orbit at sunrise or sunset in and out 
of sunlight, (2) after the transearth injection burn but prior to the first waste 
water dump, and ( . 1 ) at a time late in the transearth coast. These exposures 
were expected to give, through photographic photometry, data on the amount of 
light scattered by the contamination cloud for several scattering angles, estab- 
lish the buildup of contamination in lunar orbit and in transearth coast, and 
establish a baseline contamination environment. 

The waste water dump was performed using the auxiliary urine dump 
nozzle on the Command Module (CM). During the dump, a 70-mm HEC and a 
lO-mm DAC were employed to record the actual dump event and give data on 
plume structure and particle dynamics. A second series of photographs was 
taken using two lli-inm DAC* s to provide stereoscopic views of postdump con- 
ditions for analysis of particle size, dynamics, and stay times. The experi- 
ment was planned so that the distance of particles from the camera could be 
ascertained. Distance from the camera is an essential parameter in determin- 
ing sizes and trajectories. 

As a result of real-time changes in the mission, all lunar orbit photog- 
raphy and the early transearth coast sequences were not performed. Table 1 
gives the planned sequence and the sequence actually obtained as a result of 
real-time changes in the mission. Table 2 is a synopsis of the spacecraft 
altitudes, cameras, and camera settings used for the photographs obtained. 



TABLE 1. SKYLAB CONTAMINATION PHOTOGRAPHY 


Objective 

Sequence 

Results 

Background 

Double-Umbra 

Lunar 

Orbit Sunl. 9 at 

(60° and 90°) 

Cancelled 

( Early Return) 

Growth Rate of Residual ''Baseline 

TEl/Post Water Dump 
(60°) 

Cancelled 

( Crew Slept Late) 

Phase Function of Residual 
Debris Cloud and Growth 

Late TEI 

(60°, 90°, 120°, 150°) 

Obtained 

18 Nikon Frames (35 mm) 

Dynamics and Structure 
of Nozzle Dump 

Auxiliary Hatch Dump 

Obtained 

7 Hasselblad Frames (70 mm) 

Stay Time, Dynamics, 
and Physical Properties 

Postdump 

Obtained 

16 mm — Dual Camera Clean 
Nozzle 




TABLE 2. SUMMARY OF CAMERAS, FI. 


ANi niTUDE 


Operational 

Time 

Camera 

Film 

Exposure 

(sec) 

Focus 

(ft) 

— 

f Stop 

Lens 

Attitude 1 


Elev. 

(deg) 

Azim. 

(deg) 

Phase 

Function 

35 mm, N 

2485 

■ 

00 

1.2 

55 mm 

3EB33 100009-301 
Serial No. 1004 

Sun 

Earth 

Moon 

Sun 

EartL 

Moon 

43 

78 

134 

120 

120 

60 

180 

169 

359 

181 

222 

4 

Dump 

70 mm, H 
16 mm, D 

2485 

2485 

1/125 

1/125 

1/500 

1/500 

1/125 

1/60 

1/125 

1/500 

1/500 

1/125 

1/60 

6 

00 

OO 

10 

10 

:o 

10 

10 

00 

00 

00 

16 

T8 

Time to 

Run (sec) 
IS 
15 
15 
15 
15 
15 
15 
15 
15 
15 

80 mm 

Serial No. 1052 
SBB33100018-301 

Sun 

Earth 

Moon 

1 

180 

1 4 2 

357 

Postdump 

D (2 simul- 
taneous) 

2485 

10, 5, 
1, 1/60 

00 

Tl 

(f/D. 95) 

18 mm 

SEB331000 18-301 
Serial No. 

1032 and 1035 

Sun 

Earth 

Moon 

■ 

m 

250 

209 

67 


D DAC 
H Haesleblad 
N Nikon 

Elevation and azimud) are with respect to spacecraft as shown in Figure l. 


DESCRIPTION OF EXPERIMENTS 


Two spacecraft orientations and *wo camera positions were required to 
map the phase function. The bracket which holds the Nikon camera has two 
positions. In one position the line of sight of the camera is along the +x axis 
( Fig. 1) , and in the other it is 30 deg from the +x axis toward the -z axis of 
t! * Command Service Module (CSM) . As shown in Tabic 2, the CSM was 
on ited with the +x axis 43 deg and 120 deg from the sun. Using the two 
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camera position's, the line of sight of the camera was positioned at 43, 73, 120, 
and 15 C deg from the sun. Four photographs (one exposure each of 100, 10, 

1 and l/8 sec) were taken at each position. Spacecraft rates were allowed to 
damp to less than 0. 05 deg/sec before photographs were taken; interior lights 
were dimmed, and the camera shield for the Nikon was used. The magazine 
identification or this film is X. 

A bracket- mounted DAC (which looks along the +x direction) and a hand- 
held Hasselblad were used for photography during the dump. The DAC was 
mounted in window 2 ( loaded with magazine MM) , and the Hasselblad ( loaded 
with magazine TT) was used in window 3. Spacecraft rates were allowed to 
damp, interior lights were dimmed, and window shades were installed in CM 
windows 1 and 5. Table 2 gives the settings for each camera. A total of seven 
frames was taken with the HEC. 

To eliminate the effects of previous dumps, the auxiliary urine dump 
nozzle was used. This nozzle is next to the hatch window (window 3) and has 
coordinates of 

10* 32* from -z toward -y 

10. 16 cm in x, toward -x, from x coordinate of center of window 3. 

Approximately 3. 55 kg of potable water were dumped, using cabin pressure as 
the driving force. This was accomplished by filling a water enhancement bag 
and connecting the bag to the urine dump line. Immediately after the dump was 
initiated, the water in the line (inside the CSM) to the dump nozzle froze. The 
line was consequently disassembled and ~eassembled to restore the water flow. 
No further trouble was encountered, and the dump proceeded smoothly; some 
waf r was lost, but the exact amount Is unknown. According to the Command 
Module Pilot, the dump required approximately 6 to 1C min to complete. Table 

2 gives the schedule for the photographs taken with the DAC and the Hasselblad. 
Table 3 gives the right ascension and declination of the x and z axis for each 
spacecraft attitude. The position of the moon, Venus, and Mars is also give::. 

Alter completion of the dump, the CSM was maneuvered so that its -*-x 
axis was in the direction of the dump. Window shades were installed in CM 
window 3. Two DAC ^ar.ii ras pointed in the same direction, one in window 2 
and one in window 4, were used to take simultaneous photographs. The DAC 
in window 4 was lotded with magazine HH. 



TABLE 3. RICH'’’ ASCENSION AND DECLINATION FOR THE CSM 
x AND z AXIS, MOON, VENUS, AND MARS 


Test 

Objectives 

Component 

Magnitude 

Right 
Ascension 
( hr:min) 

Declination 

(deg:min) 

Phase Function I 

x axis 


5:16 

23:04 


z axis 


23:23 

-03:58 

Phase Function 2 

x axis 


12:10 

-70:56 


z axis 


02:44 

-15:09 

Postdump 

x axis 


ll»:02 

47:22 


z axis 


21:12 

26:12 


Moon 

See Note 

13:30 

14:47 


Venus 

-4.2 

5:19 

27:16 


Mars 

1.8 

5:16 

24:11 


Note: The experiment was performed at approximately 12:00 hours GMT 
April 27. The moon reached oppostion at 12:44 hours GMT April 
28. 


Three sets of nine photographs were taken with each camera. The first 
set was exposed as soon as the CSM attained the attitude. Three photographs 
each at 5-, 1-, and l/60-sec exposures were taken. After 5 min, a second set 
was obtained using the same exposure times. A set with exposure times of 10, 
5, and 1 sec was taken 15 min after the first set was taken. Between each set 
there are 2 sec of film run at 24 frames/sec and ' 1000-sec exposure time. 


DATA OBTAINED 


Ail frames of the S226 phot >graphy were plagued by moonlight shining 
on the CM windows. This unfortunate effect resulted because the Apollo 16 
returned 1 day earlier than planned. 


(> 























Figures 2 through fi show the positions of the three most important light 
sources, the sun, earth and moon, in terms of CM polar angles. If the source 
is below the bottom line in the figure, the light from the source is shining 
directly on the window. If the source is Ix'tween the two lines, the window 
owning, but not the window, is illuminated. As seen from the figures, the only 
part of S22fi in which moonlight was not directly on the window was the phase 
function photography with a sun angle of 43 deg. Even in this part, light was on 
the window opening. The angles of incidence of moonlight on the windows are 
given in Table 4. 

Problems with light on the window opening were also experienced during 
photography for contamination studies on Apollo 15(2]. 

An examination of the postdump photographs shows ( Figs. 7 through 10) 
that those taken through CM window 2 arc more exposed than those taken through 
CM window 4. Figures 7 and 8 arc 1-sec exposures from the first postdump 
performance. Figures 9 and 10 are 1-sec exposures from the last postdump 
performance. The maximum brightness on CM window 2, as determined from 
the 1-sec exposures, is approximately 1. 5 x I0“ 1Z B/ B © . In CM 4 the maxi- 
mum is approximately 4.5 x 10 “ 13 B/B 0 . This is a factor of about 3.3 dif- 
ference. The angle of incidence for moonlight on these windows does differ 
somewhat. However, the transmission of the window should decrease as the 
angle of incidence increases. Therefore, CM 4 should have less exposure than 
CM 2, the opposite of the actual condition. The scattering angle for materi. I 
on the window is the same for both windows so that for windows with equal 
amounts of material on them, there should be no difference in the light scattered 
into the camera. To account for the difference using scattered light, one win- 
dow would have to be considerably more contaminated than the other. In fact, 

CM 2 would have to have a scattering efficiency S, found from Reference 2, 

B = 3. I x 10 ~ ,n SB © 

of o. 005. This is not unreasonable for a window exposed to the space environ- 
ment for 272 hours. The crew, in the debriefing, noted that condensation on 
the windows was a problem that resulted from delaying normal passive thermal 
control maneuvers. They also noted that none of the windows frosled over 
during the dump. Contamination on the window plus small amounts of conden- 
sation could account for the scattering efficiency. However, it is difficult to 
account for the differences in the windows using this argument because both 
windows were exposed to the same environment. 
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Figure 4. 0, <p angles of earth, moon, and sun in attitude used 

for the water dump. 



jS DEGREES 


Figure 5. 0,0 angles of earth, moon, and sun in postdump attitude, window 2. 






TABLE 4. ANGLES OF INCIDENCE FOR MOONLIGHT 
ON APOLLO 16 WINDOWS 


Window 

Moon Angle 
(deg) 

Test Objective 

Incident Angle 
for Moonlight 
(deg) 

4 

60.0 

Phase Function 

34. 1 

3 

119.0 

Particle Dynamics 
( Dump) 

60.5 

2 

62.0 

Particle Dynamics 
( Postdump) 

70.6 

4 

62.0 

Particle Dynamics 
( Postdump) 

39. 1 


Since sunlight is close to being incident on the window opening ( Fig. 5) , 
it may be reflecting from some portion of the spacecraft into CM window 2. 

The angle of incidence to the sun is greater than 90 deg, and 10" 12 B © seems 
low for a single reflection from any part of the CM. Therefore, although 
possible, this explanation seems unlikely. 

A more likely explanation for the difference can be found using the fact 
that the bright spot on the film is not in the same position in the photographs 
taken through each window. (Compare Figure 7 to Figure 8 and Figure 9 to 
Figure 10.) The cameras are oriented the same in each window but look 
through different portions of them. That is, the camera in CM 2 looks close 
to the left edge of the window, and, with the 18-mm lens, the edge of the win- 
dow or window opening is in the field of view; in CM 4, the camera looks 
close to the right edge of the window, but the edge is not in the field of view. 

Since the moon is incident from the right, the left edge of both windows 
and window openings is directly illuminated. Hence, the light in CM 2 is 
probably moonlight plus glare directly from the edge of the window or the 
window opening. The light in CM 4 is moonlight plus multiply reflected light 
from the left side of the window. 
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Figure 7. 1-sec exposure through window 2 
in first postdump performance. 


Figure 8. 1-sec exposure through window 4 
in first postdump performance ( taken at 
same time as photograph in Figure 7) . 



Figure 10. l-sec exposure through window 4 
in last postdump performance (taken at 
same time as photograph in Figure 9). 


Figure 9. 1-sec exposure through window 2 
in last postdump performance. 





The window opening could be the source of light even though it is painted 
black. Black paint with an absorptance of 0. 9 [3] could cause the brightness 
seen in CM 2 if the window has a scattering efficiency of 0. 04. This is an 
acceptable value for a dirty window [2]. 


CALIBRATION OF FILM 


A calibrated step wedge was put on the film by the Apollo Photographic 
Team. Calibration was placed on the 16- mm magazines MM and HH. None 
was put on the 35- mm magazine X although it was placed on the film In the 
other 35- mm magazines. All calibration was in accordance with the appro- 
priate specifications [4, 5]. Calibration was put on the film both preflight and 
postflight. The conversion from exposure on the film E^ m to the ratio of the 

surface brightness B to that of the sun is given by 

4(2 

B/B ° T 2. 02 x 10*1 E film 


where f is the f number setting, T is the lens and window transmission, and 
t is the exposure time. In the following discussion, T is assumed equal to 


0 . 75 . 


It appears that the preflight sensitometric exposures on the film in 
magazine MM were out of focus. For this reason, only the postflight exposures 
were used to define the calibration of the 16- mm film. Figure 11 is a plot of 
the brightness-versus-density curve found from this calibration with the micro- 
densitometer readings. The exposures at 1 sec were used because this is the 
exposure time for which the most information can be obtained from the experi- 
ment exposures. 

Figure 12 is a plot of brightness versus density for the 2485 film. These 
data were not obtained from flight film. However, the film was pre-fogged to 
a density comparable to the radiation plus fog density on the flight film. SensU 
tometrie data were then placed on the film and the film processed in the same 
manner as the flight film. Data for the l-sec exposures are given. 

The plots in Figures 11 and 12 curve in opposite directions. Densities 
in Figure 11 are near the shoulder of the density-log exposure (D-log E) curve, 
whil” in Figure 12 the;* are near the toe of the curve. Figure 13 is the bright- 
ness density curve for the 70-mm film in magazine TT. An exposure time of 


16 











1 7 125 sec and an f number of 16 were used to find 'he curve. Postflight 
sensitometric data were used to obtain the curve. 1 ensities in these figures 
cannot be directly compared, since the density is specular in Figure 11 and 
diffuse in Figures 12 and 13. The specular densities were read on a micro- 
densitometer with a 100-pm square aperture. All diffuse densities were read 
on a Mac Beth densitometer with a 2- mm square aperture. 


DATA DESCRIPTION 


Density data obtained from selected frames were placed on magnetic 
tape. A copy of the tape is in the National Space Sciences Data Center ( NSSDC) . 
Unfortunately, no jalibration frames were available for the 35-mm film when 
the density readings were taken. Hence, no absolute brightness levels for 
the 35-mm film can be found from the density readings on the magnetic tape. 

The calibration was on magazine MM of the 16- mm film. Although calibration 
frames were on magazine HH, they were not available when the density read- 
ings were made. All frames of the 35-mm film were scanned. Frames of the 
'i-mrn film scanned were chosen for the probability of containing good data 
or representative data. Table 5 lists the frames scanned. The frame numbers 
of the 16- mm film were arbitrarily assigned. Table 6 lists the file numbers of 
simultaneous photographs. All of the original flight film has been returned to 
the Johnson Space Center ( JSC) for storage. 


A Photometric Data Systems Corporation microdensitometer system 
consisting of a Model 1010A microdensitometer, a Model 2100A magnetic tape 
system, and a Model 3100A computer control system was used to take all the 
data. 


The variable parameters as they were used for the scanning were 


Scan speed 

Objective 

Eyepiece 

Physical aperture 
Effective .^erture 


24 mm/sec 
10X, 0. 25 NA 

5X 

5x5 mm 
100 x 100 pm 


An edge scan was , o, the data in each record start at the 

same x coordir.?i< (F step in x and y is 100 pm long. 
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TABLE 5. IDENTIFICATION OF FILES ON MAGNETIC TAPE (MAGAZINES MM AND 
HH ARE 1G mm, MAGAZINE X IS 35 mm, AND MAGAZINE TT IS 70 mm) 


File 

Number 

Magazine 

Identifi- 

cation 

Exposure 
Time 
( sec) 

Frame 

Number 

Preflight 

Calibra- 

tion 

Postf light 
Calibra- 
tion 

Number 

of 

Records 

Number of 
Words Per 

Record 

1 

MM 

r 


Cl 

X 


83 

35 

2 





C2 

X 


81 



3 





C3 

X 






4 





C4 

X 






5 





C5 

X 






6 



e 

fd 

> 

C6 

X 






7 



i 

C25 

X 






8 





C27 

X 






9 





C28 

X 






10 





C29 

X 






11 





C30 

X 






12 



i 

C31 

X 






13 



1/1000 

C56 

X 






14 





C57 

X 






15 





C58 

X 






16 





C59 

X 






17 





C60 

X 






18 



I 1/1000 

CGI 

X 


81 

35 

19 



l/e 

0 

41 



105 

27 

20 





42 







21 





77 





' 


22 

MM 

1/60 

78 



105 

27 



NS 

to 


TABLE 5. (Continued) 


File 

Number 

Magazine 

Identifi- 

cation 

Exposure 
Time 
( sec) 

Frame 

Number 

Preflight 

Calibra- 

tion 

Postflight 

Calibra- 

tion 

Number 

of 

Records 

Number of 
Words per 

Record a 

23 

M 

M 

1/60 

pre 81 



IMP 


27 

24 



5 

84 



9 K 




25 



- 

bad file 



9 . ' 




26 



1 

85 



9 9 




27 



i 

86 



9 




28 



1 

87 



H| 




29 



1/60 

88 



|89p 




30 



1/1000 

92 



|! 




31 



5 

95 



P'1 




32 



1 

96 



9 




33 



1 

97 






34 



J 

bad file 



mEm 



35 



1 

98 



\ ■ 



36 



1/60 

99 







37 



1/1000 

103 







38 



10 

106 







39 



5 

108 







40 



1 

110 







41 



\ 

ill 







42 



1 

112 







43 



? 

113 







44 



1/1000 

114 



105 

27 

45 

M 

M 

10 

C101 


X 

11 

35 








TABLE 5. (Continued) 


File 

Number 

Magazine 

Identifi- 

cation 

Exposure 

Time 

(sec) 

Frame 

Number 

Preflight 

Calibra- 

tion 

Postflight 

Calibra- 

tion 

Number 

of 

Records 

Number of 

Words per 

_ ,a 

Record 

46 

MM 

1 

) 

C102 


X 

11 

35 

47 





C103 


X 





48 





C104 


X 





49 





C105 


X 





50 



10 

C106 


X 





51 



e 

* 


C107 


X 





52 





C108 


X 





53 





C109 


X 





54 





C110 


X 





55 





cm 


X 





56 



5 

C112 


X 





57 





C133 


X 





58 





C134 


X 





59 





C135 


X 





60 





C136 


X 





61 





C139 


X 





62 



1 

C140 


X 





63 



i/e 

0 

C141 


X 





64 





C142 


X 





65 





C143 


X 





66 





C144 







67 





C145 


X 





68 

| MM 

l 1/60 

C 146 


X 

11 

1 35 J 


N 

CO 


N> 


TABLE 5. (Continued) 


File 

Number 

Magazine 

Identifi- 

cation 

Exposure 

Time 

(sec) 

Frame 

Number 

Preflight 

Calibra- 

tion 

Postflight 

Calibra- 

tion 

Number 

of 

Records 

Number of 
Words per 

Record 3 

69 

MM 

1/1000 

warn 


X 

11 

35 

70 







X 





71 





C 168 


X 





72 





C169 j 


X 





73 

, 



f 

C170 


X 

' 




74 

MM 

1/1000 

C.t 1 


X 

1 

1 

35 

75 

HH 

1/1000 

115 



105 

27 

76 



5 

117 







77 




L 

119 







78 




\ 

120 







79 




l 

121 







80 



1/80 

122 







81 



1/1000 

125 







82 



5 

127 







83 




l 

129 







84 




\ 

130 







85 




1 

131 







86 



1/60 

132 







87 



1/1000 

136 







88 



10 

138 







89 




} 

140 







90 





141 







91 


r 

5 

142 



< 



r 

92 

i HH 



l 

143 



j 105 

27 _ ] 








File 

Number 


Magazine 

Identifi- 

cation 


Exposure 

Time 

(sec) 


Frame 

Number 


93 

HH 

1 

144 

94 

HH 

1 

145 

95 

> 

l 


seq 1 

96 



10 



97 



1 


1 

98 



1/8 

seq 1 

99 




seq 

2 

100 



10 

1 


101 



1 



102 



1/8 

seq 

2 

103 



100 

sec 

3 

104 



‘ 10 



105 



1 

' 


106 



1/8 

sec 

I 

3 

107 



100 

seq 

4 

108 



10 

1 

1 

1 

) 

109 



1 

J 


110 

X 

1/8 

seq 4 


Prefilght 

Calibra- 


Postf light 
C a libra - 


Number 

of 


Number of 
Words per 



















TABLE 6. FILE NUMBERS FOR SIMULTANEOUS FRAMES 

OF POSTDUMP 


File Number 
Mag MM 

File Number 
Mag HH 

Exposure 
Time ( sec) 

26 

77 

1 

27 

78 

1 

28 

79 

1 

32 

83 

1 

33 

84 

1 

35 

85 

1 

38 

88 

10 

39 

90 

5 

40 

92 

1 

41 

93 

1 

42 

94 

1 

36 

86 

1/60 

j 29 

80 

1/60 



-Y 


Figure 14. Edge scan. 

All data were recorded on 9-track tape but have been converted to 7- 
track tape at 800 bpi. Record identification and data are as described in the 
next section. Each complete photograph is a file, and each scan is a record. 
Record lengths within a file are the same but do vary between files, as do 
the number of records per file. The first file is 83 records long, but the last 
three records are duplicates of each other. Table 5 lists the number of records 
for each file and the number of 36-bit words per record. 
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The data were recorded on a 7-channel tape at >300 bpi and with odd 
parity. Each tape character has been recorded to represent six binary bits of 
information. 

The contents of each data record are as follows: 

1. Two characters representing the octal number 7777. These are 
used to designate the beginning of a record and are not part of the program 
data. 


2. Eighty characters representing forty 12-bit words of sample identifi- 
cation information. Each pair of characters contains the ASCII code for one 
identification word; e.g. , the two tape characters ( 00001 1) ( 00000 1) would pro- 
duce the octal number 0301, which is the ASCII code for the letter A. 

3. Two characters representing the octal value for minus the number 
of data values following the coordinate information in the record. Each data 
value will be comprised of two tape characters, making one 12-bit word; e.g. , 
the two tape characters ( 110000) (000000) = 6000 8 = -2000 8 would indicate that 
there are 2000 s data values following the coordinate information in this record. 

4. Four characters representing a 24-bit binary number which is the 
x coordinate on the sample ( in micrometers) where data taking begins for the 
current data record. The most significant bit is a sign bit. 

If the sign bit is the number one, the coordinate value represented has 
a negative value. The binary absolute value of the coordinate, in this case, 
is found by two* s complementing the 24-digit number and incrementing the 
result by one; e.g. , the tape characters (000000) (000010) ( 011100) (010000) 
represent the coordinate +000234 20 8 = +10000 18 pm. The tape characters 
(mill) ( 111101) ( 100011) ( 110000) represent the coordinate -00023420 6 - 
-10000 10 pm. 

5. Four characters representing a 24-bit binary number which is the 
y coordinate on the sample ( in micrometers) where data taking begins for the 
current data record. The interpretation is the same as explained previously 
for the x coordinate. 

6. Four characters representing a 24-bit binary number which is the 
x distance ( in micrometers) between density readings. The interpretation is 
the same as explained for the x and y coordinates. 
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7. The remaining characters in the record should be broken into groups 
of two characters each. Each group of two represents one density reading 
from the sample. To interpret the values, do the following: Use two tape 
characters to obtain a 12-bit binary number, convert the number to decimal 
form, and divide by 400. 0. The result is the desired density value; e. g. , the 
two tape characters (000111) ( 110 100) represent the number 764 8 = 500 10 . Then 
500/400. 0 = 1. 25 ( density value) . 

This completes the record contents. Between any two data records for 
a given sample there is an interrecord gap. A file gap follows the last data 
record for a given sample. 

As an example of the data, consider the computer printout ( Pig. 15) of 
a dump of file 110, record 34. The first characters are the 7777. The next 
40 groups of 4 numbers comprise the sample identification information written 
in ASCII, which in this case is 

35 mm- Mag-X-Frame- 16-Exp- 1/8 sec:. 

The number of data values would be 

7203 8 = -0575 8 = 381 t0 , 

or 381 data values in this record (coordinate information not included as data 
value) . 


Data taking begins at x coordinate of 

( 0000) ( 0000) 8 ■ 0, 0 


lie *o« i 


MU HO. 


1* 


me s its moic$ o» »ti ewn 


ooo w«m 


MIMfc o »»»»*»« 302(9 
UJ:iO — t)2*S<i2tl025) 

ii- r jp ot 2 *uiroo*&* 

uOdSO mmioitn} 
I'Citr G!!r>v*L*bsr« 
ac 0*2(J»«(d«)( 
Ifktl O II* Mb* ****** 
.vi)4 3 u»?ad*i?u*«* 
wi iuv s u»if*v«r*u*)i 
JO 1 10 ’ i«*3)0«5*u *25 

btuo 2 u«IJl*t«tit*|Cr 

jo i io ^ o-tiuowwt 

t>M«6 O ViH vOUblh 
JOISB 0%2*d3(*i>«f* 
(tltu kkfCtOtlilll 

J)l)0 0«12d*ldil*l9 

03210 _ ilHOJ%ldn*l* 


ositfimiu 

0! f 11021)0 IS S 

ittit«)ai m 
n«32i*b(ti*)2 
n**(osim *0 
0*«2CSft|tt«3t 

o*b*on«t*(» 

0*32tf«(«O*?* 

0««ftu««t0k«d 
a«nt«3i6M} 
o*««o*)*a*t* 
0*2(C*22t«32 
ISO Iff 
ft»3»r**i>t-«A« 

o*9*<»*20*)i» 


(3150113030) 
092 30 111 to ]Q3 
UlM*)2lS)* 
• 21*1 1 2*0)12 
M02D*(*ft*CC 
a«(20*S«0SQ* 
r.* (2(I« 6* t-SIO 
o*5ci;* 220*3* 

0«220*3?0%C( 
b«i*b*2f &*** 
0*120*520*52 

WMUtJWWl 

0* 300*900* ts 

O«)20*SC5«32 

0*220*2*050il 

o*tro%iiii*if 

0S9 20*120**2 


cmtniiom 

025(02*002*0 
1001)1*2 19 94 
0)100(1*0(02 
5§2l(**C2f *5C 
0* *00*120*5* 
UMlC3?lC*l* 
U**'Jt>$U2d*52 
0*3*C*2*r.«(« 

0*32r t *(uil«2« 

0*«2t*Ul«)( 
Q«526*5*0*(( 
0**(b* |l*f l *?2 
Q*S*0««20*2( 
0**59* 2(C*IP 
QS320«S*0%*( 
0*1(5*150* t I 
0*5U0*3(01I( 


0311(03220301 031503050253 

02*002*1)02*0 02*002*0)201 
l)!b|K*20P0 DHIKOOOO 
OGO*OS*2Q5*( 055*05**0532 
0*)29f 929502 C5«00*3*0**« 

0* (203020*5* 0*2*0«*2i)*3( 
(l***p«p*0*2« 0*2«0**(0**d 

0*3(0*500*0* 535*05000*32 
D*9«n«220*2( 0*120*520**2 

**120*4*0*20 0*3203)50*1* 
(1**20* 320* 32 0*3«Q«S2I»*(* 

0»2(a***B*32 0*020* )*0**2 
0*220*0*0*3* 0*320*0(0*52 

0* *110*520* 90 0*100* SfO**2 
O«(2O*(*0*fO I****** 3*0 *32 
0**20**50*02 0*9*0**20*20 
0*520*320*** 0*3(0*020*10 
0*1(050*0905 0*2205220*55 


02(1025(0155 030509300920 
00000009)))) 1*9*000001** 

1)1*1 )*0U30 115*19221(55 
053*059* 0*)5 050005120*)* 

0*2«*3(0*(* 0*5*0* )2D*5( 
050(0*590*5 2 0*9 29*2(5*50 
0**20*059**2 0*329**50*** 
0*120*3*9*5 0 0*2*35329*52 
O«$2O*«00* 2* 0* 506*320*22 

0*3(0* 1(9*3 2 0*4 (5*520*22 
0*V(0**I0*S2 0*C*6*5( 9*)2 
034(0*206*32 0*5(0*263*20 
05100*320**5 0*3(0*3*6*22 

0*5(0*12 9*05. 0*1 *9* *20*50 
U««60*I2S**2 0**(C*((6*)2 
0*5*0**29**( 0*) 29*9*0*12 
0*1*0*2(09)5 0*920*2*0*30 

a*(*0**2»2* 


Figure 15. Computer printout of density readings on magnetic tape. 
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The y coordinate where this record begins is 


(7777) ( 1434) = -00006344 8 * -33OO 10 pm 

Figure 14, which shows the geometry of the edge scan, also shows why the y 
coordinate is negative. 

Density readings in x were taken at a distance apart equal to 
(0000) (0144) 8 = 100 10 pm 
The first data value is 

0434„ = 284, 0 , 

which corresponds to a density of 

= 0.710 

400 

All other density values are found in a similar manner. 


DATA RESULTS 
Phase Function 

The total exposure on the film is due to energetic radiation, • .U.g , ted 
star light, zodiacal light and other sources, including light scattered by the 
window. The total integrated starlight and zodiacal light are known, •- . ' the 
energetic radiation can be found b/ using unexposed portions of the film. There- 
fore, the exposure due to scattering by a residual cloud of contamination can 
be found by subtraction if there are no sources of extraneous light. If other 
light sources are present whose magnitudes are unknown, then obviously the 
subtraction process cannot isolate the effects of the residual cloud. This is 
the case with the phase function photography. The intensity due to moonlight 
cannot be factored out since the amount of scattering by the window is unknown. 

Density readings taken from the middle of each frame of 1-sec exposure 
time show that the total background brightness is on the order of 10" 12 B/B 0 
for the photographs looking down the +x axis. For the photographs looking up 
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30 deg from (he +x axis, slightly lower background levels were recorded. 

Table 7 lists the total range of brightness recorded for each 1-sec exposure. 

The sky brightness at the locations of the +x axis is given in Table 8. Back- 
ground brightness from the film is an order of magnitude higher than the sky 
background. 

The effects of the scattered moonlight on CM window 4 can be seen in 
Figures 10 through 18. These are three of the four photographs taken in the 
first set of exposures. Exposure times are i/8, 1, and 10 sec respectively. 

The extent of the scattered moonlight increases with increasing exposure, 
indicating that the window is completely covered by moonlight. Both Venus and 
Mars are in the photographs. Venus is the very bright image near the center 
of all three figures. Mars is almost directly under Venus. When the photo- 
graph was taken, Venus and Mars had magnitudes of -4. 2 and 1. 8, respectively. 
The lowest magnitude stai seen in the figures is sixth. 


TABLE 7. RANGE OF BRIGHTNESS FROM 1-sec 
EXPOSURES ON 35-mm FILM 


Angle of Sun 
from x Axis 
(deg) 

Range of Brightness 
(B/B © ) 

43 

5-9 x 10" 12 

73 

» 10" 13 ( In Gross Fog 


of Film) 

120 

4-9 x 10“ 12 

150 

Less than 3 x 10" 12 


Since the amount of scattering by the window was not known and since a 
good calibration was not available, this effort was pursued no further. 


Particle Dynamics 

Figure 19 is a collection, to relative scale, of densities and lengths of 
all the possible particle tracks seen in the 16-mm film. It is not known if any 
of these tracks were caused by energetic radiation. No identifiable individual 
particles are seen in any of the postdump photographs. 
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TABLE 8. SKY BACKGROUND IN B/B © AT PHASE FUNCTION 

POSITIONS [ 6, 7, 8] 


Angle of Sun 
From x Axis 
(deg) 

Zodiacal Light 

Integrated Starlight 

43 

4. 1 x 10" 13 

6. 8 x 10 -14 

73 

1.6 x 10“ 13 

1. 8 x 10" t4 

120 

5 x 10" 14a 

l.Ox 1C' 13 

150 

5 x 10“ ‘ 4 ® 

9. 8 x 10" 14 


a. These values obtained by assuming zodiacal light is symmetric 
about the ecliptic and using values found in Reference 5. 


The number of particles seen on Apollo 16 versus the number seen on 
other Apollo missions for liquid waste dumps is less for several reasons. 

Less water was dumped for S226 than normally is dumped for urine or waste 
water. Also, the dump nozzle was one not previously used, therefore, no frost 
was on it; and the lines to the nozzle were such that the entire length was subject 
only to cabin atmosphere. Lastly, the geometries for viewing are different. 

The tracks were filmed during the maneuver from the dump to the post- 
dump attitude. Because the camera was focused at infinity, the distance of the 
particle from the spacecraft cannot easily be found. Therefore, efforts to use 
the film to study particle dynamics Mere terminated. 

A theoretical analysis of particle trajectories was established early in 
the study. This analysis is included as an appendix. Stellar camera photo- 
graphs with particles in them are analyzed in the appendix for possible sources. 
No plausible source was found. It should be noted that although many stellar 
camera frames from Apollo 15 had particles in them, very few particles were 
seen in the stellar camera frames from Apollo 16 and 17. There is no known 
explanation at this time for this difference. 
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Decay of Background Brightness 

The time decay of the background brightness due to a dump can be found 
by examining the total background brightness as a function of time. If the space- 
craft attitude does not change during the experiment, the only source that is 
changing is that due to the dump. Hence, the decay is caused by the expansion 
and recession of the dumped material. 

Figure 20 is a chart of the 0,0 angles to the sun during the perform- 
ance of S226. The angles were recorded from real time displays on control 
consoles at Mission Control Center. As can be seen, the attitude of the space- 
craft did not change by more than 2 deg during the postdump photography. This 
should cause little change in the amount of scattered moonlight (Fig. 5) and 
sources other than the dump material. 

Mag HH was used to find the time decay. Density readings were taken 
from one of the three 1-sec exposures for each performance of the postdump pho- 
tography. Exposures were made 7, 12, and 22 minutes after the end of the dump. 

Six density readings were made on each frame — two at the top, two in 
the middle, and two at the bottom. All readings were made using the MacBeth 
densitometer at JSC. The points are plotted in Figure 21. The agreement 
between the decay found here and the fitted curve found by Naumann [2] is 
surprisingly good. However, there is some difference in the experiment. In 
the S226 experiment, the dump nozzle was clean and all lines to the nozzle 
were in a warm environment. Thus, no freezing in the lines took place so that 
there was no additional material leaking off after the dump ended. Hence the 
decay given here is not encumbered by repeated increases in the background 
brightness. Also, the cameras were looking through the cloud in the direction 
of the dump on Apollo 16, whereas on Apollo 15 they were looking obliquely 
through the cloud. 


Plume Structure 

Of the seven 70- mm photographs taken, three recorded the dump plume. 
Figures 22, 23, and 24 are these photographs as taken; i.e. , Figure 22 was 
taken first, Figure 24 last. The frames were exposed in rapid sequence, one 
after the other. It was felt that because of the juxtaposition of the nozzle and 
the window, (he hatch window ( CM window 3) would frost over. However, the 
window remained clear throughout the dump. 
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Figure 24. Last 70- mm frame showing particles from water dump. 




The half-angle of the dump cone as seen in the 70-mm film is 17.5 deg. 
If the 11EC was held perpendicular to the hatch window, as required in the crew 
procedures, 17. 5 deg would correspond to a dump cone half-angle of from 3 to 
4 deg ( this assumes the camera and dump nozzle have the same origin) . 
Although such a narrow angle is consistent with crew observations, it is not 
consistent with ground-based tests. McPherson 19) reporLs that in a vacuum 
chamber the water forms a half-angle of 15 to 20 deg. If the camera were 
tilted only 22 deg with respect to the dump direction, then 17. 5 deg would 
correspond to a 15-deg half-angle. Since the crew reported they dir* not hold 
the camera at any special orientation, no definite conclusion can be made about 
the half-angle of the dump. 

Moonlight on the window obviates obtaining meaningful mass distribution 
data. Although there are frames of the 70-mm film which do not have particles 
in them, the HEC was not started until after dump initiation. Since the back- 
ground brightness in the darker areas of the negative is too high to have been 
caused by scattered moonlight alone, it must be the result of small unresolv- 
able particles in the dump cone. 
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APPENDIX 


A SPACECRAFT CONTAMINATION PARTICLE TRAJECTORY STUDY 

Introduction 

This study is an analysis of photographic recorded trajectories of 
particles emerging from a point source on a spacecraft. The main analysis 
is based on a program that was developed to generate the perspective projec- 
tion of particles emerging from a nozzle and viewed by a camera. The study 
was undertaken to analyze photographs obtained by cameras on the Apollo 15, 
1G and 17 missions. This report presents the formulation of the equations 
used and various results of the study. 


Theory 

The formulation of the equations of motion, the perspective projections, 
the film image, and the radiance of the particles are presented in this section. 

EQUATION OF MOTION 

To define the trajectory or position of a particle, a convenient coordi- 
nate system is introduced and then transformed into the camera coordinate 
system. The development assumes that the particles are emerging from a 
point at a known location with respect to the camera. 

The vector to the origin of the particles, a nozzle, with respect to 
the spacecraft-mounted camera system is given as follows: 

R, = (x\ y 1 , z 1 ) 

1 ' c c c / 

The vector R from the origin of the particles along the axis of the 

nozzle to a position normal to the particle with respect to the nozzle axis is 
given as follows: 

R^ = (o 2 ,/? 2 , y 2 ) 
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The vector R 3 , a normal from the nozzle axis to the particle, is given 
as follows: 

R 3 = (r\ s 3 , t 3 ) 

where r 3 , s 3 , t 3 and a 2 , /3 2 , -y 2 are to be defined in a convenient manner. 

The position of the particle from the camera R is then given as follows: 

R = R t + R 2 + R 3 , 

as shown in Figure A-l. The particle coordinate system is in a mixed mode 
of coordinate variables: 

R = R, (x 1 , y‘, z‘)fR 2 ((Y 2 , 0 2 , y 2 ) + R 3 (r 3 , s 3 , t 3 ) 
c c c 

Therefore, the vectors R 2 and R 3 are to be defined and transformed into the 
camera coordinate system by coordinate transformation matrices. 

The camera coordinate system is shown in Figure A-2, where the x 

c 

axis is the optical axis of the camera and +y is to the left of the window. 

c 

The nozzle axis is assumed to make an angle rj with & (a unit vector 

c 

along +x c ). In defining the a, (3, y coordinates, the a axis is assumed to be 

collinear with the nozzle axis and the x axis is assumed to lie in the a -/? 

c 

plane with y defined by (x ) x(a). Hence, to obtain R 2 = |R 2 |& in the 

c 

camera coordinate system, one first transforms the a, /?, y coordinate sys- 
tem by a rotation of -77 about the y axis to obtain R 2 in a (ft , fy , y) coordi- 

c 

nate system. The transformation is shown in Figure A-3. This system is 
transformed into the camera coordinate system by a rotation of -v about the 
x^ axis ( Fig. A-4) . The angle u specifies the rotation of a plane which con- 
tains the nozzle axis and x from the £ - x plane. The coordinates for a 

c c c 

nozzle perpendicular to the Apollo Command Service Module ( CSM) skinline in 




If 




Figure A-3. Transformation of R 2 . 

the spacecraft center of mass coordinates would specify v : 

„„ . / nozzle/ nozzle \ 

v = arctan l-y / -z I . 

\ cm / cm / 

The coordinate transformation matrix equation for R 2 is given as follows [ 10] : 



10 o' 


cos r\ -sin t) 0 


■|R z f 

a 

0 cos v -sin v 


sin q cos »j 0 


0 


0 sin v cos v 


0 0 1 


0 




• m 


» a 


Ki 



SR A .CisCRAFT X C -AXIS» (l» . EXISTS) 
Figure A-4. Nozzle rotation angle?. 


R 2<V V Z c’ 


Choosing ft to be collinear with ft. to obtain R s =» | R 3 J r 3 in the camera coor- 
dinate system, one first transforms the r 3 , s 3 , t 3 coordinrte system by a rota- 
tion of +f)0 deg about the tg axis to obtain R 3 in an a, s' 3 f t’ syste.u. To 
obtain 1T 3 in the a, /J. T coordinate system, orv. performs a 0-rotation of the 
(v, s’ 3 , t’ 3 system about the a axis. Hence, for 0 <= 0 deg and 0 = 180 deg, 

R 3 lies in the ft - $ plane. JTher^ following th^ a, /3, y coordinate transfor- 
mation given previously for R z , R 3 is obtained in the camera coordinate sys- 
tem. The series of transformations needed f o obtain R 3 in the «, 0, y 
coordinate system is shown in Figure A-5. 


cos r] • |R 2 | 
cos v • sin rj • |R 2 | 
sin v • sin ?j • |R 2 i 
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The complete coordinate transformation matrix equation for R s is given 
as follows: 


10 0 
R a =| 0 cos v -sin v 
0 sin v cos v 


cos t) -sin i) 0 
sin rj cos q 0 

( 0 1 



0 10 


|R 3 I 


-10 0 


0 


0 0 1 
• m 


0 


r 3 (x » y„ 




cos 9 • sin rj • | R 3 1 




-cos v • cos 9 • COS TJ • 

ir 3 i 

+ sin v • sin 9 • 

IRil 

-sin v • cos 9 • cos rj • 

IRil 

- cos v * sin 9 • 

IRil 
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The position of the particle can be defined in terms of the distance from 
the nozzle. For a particle velocity V and a time t after the emergence of the 
particle from the nozzle, then the distance is Vt; i.e. , 


|R 2 + R 3 ! = vt 

From Figure A-G, one has the following relations: 

|R,| = cos/3 • Vt 
|R 3 I = sin/3 • Vt , 

where /3 is the angle between the trajectory and the nozzle axis. Hence, the 
particle position R in the camera coordinate system is given as follows: 

x - x 1 + cos tj cos /3 • Vt + cos 6 sin tj sin 0 • Vt 
c c 

v = y‘ + cos v sin tj cos /3 • Vt - cos v cos © cos tj sin P • Vt 
" c c 

+ sin v sin 9 sin /3 • Vt 

z = z l + sin v sin tj cos 0 • Vt - sin v cos 9 cos rj sin P • Vt 
c c 

- cos v sin 9 sin P • Vt 



The parameters to the above questions are ( l) , y 1 , z 1 = the nozzle 

c c c 

position relative to the camera; (2) tj, v- the orientation of the nozzle axis 

with respect to x , y , z ; (3) V, p, 9 = the particle trajectory in polar coor- 
c c c 

dinates relative to the nozzle axis; and (4) t = time since the emergence of the 
particle from the nozzle. 

SCATTERING THEORY 

As the particles transverse their trajectories, they are observed due 
to the scattering of sunlight. The scattered radiance flux per unit area per 
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NOZZLE AXIS 



Figure A-6. Position parameter V • t. 


unit wavelength L for a particle is given as follows: 
s 


(*) _ 


(*) 

"sun 

R2 


do , -1 -1, 

— 1 energy area time 1 
d»* 


where iS ^ is the solar spectral radiance flux per unit area at the earth, R 
sun 

is the distance from the particle to a perpendicular area (in this study the 
camera lens) , and do /dS2 is the differential scattering cross section for the 
particles as a function of the scattering angle 9 . The scattering angle is 
defined as the angle between the direction of the incident light and the direction 
of the scattered light. The differential scattering cross section is defined as 
the ratio of the flux per unit solid angle scattered from an object to the flux 

incident on the object per unit area. The value ii ^ will give the power 

s 

incident on the camera lens when multiplied by the area of the camera lens and 
integrated over wavelength. 


The differential scattering cross section is determined by the physical 
shape and chemical structure of the particle. In general, the nature of the 
particles is not known. However, the effects of the particles can be studied 
by assuming isotopic scatterers or by assuming spherical particles and using 
the Mie theory to find the differential cross section. 
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The isotopic model assumes that all the energy incident on a particle 
is scattered isotopically. The isotope differential scattering cross section is 
given as 

do _ a 2 
dtt “ 4 


This model is independent of wavelength, refractive index, and scattering 

angle; hence, L is dependent only on L and l/R 2 . 
s sun 


SCATTERING ANGLE 


The scattering angle is dependent on the relative position of the particle, 
the camera, and the sun. These relative positions can be determined by know- 
ing the orientation of the camera system in the celestial sphere, the celestial 
coordinates of the sun, and the line of sight to the particle. Hence, it is 

assumed that the right ascension and declination of the +x axis and the sun 

c 

are known. Also, the rotational orientation of the camera and the (y , z ) 

' J c c 

point of the particle ( i. e. , the line of sight) must be known. Figure A-7 shows 

the \arious axes extended to the celestial sphere. The x axis is pointed 

c 

toward the right ascension RA and the declination DEC . The line of sight 

X X 

to the particle extends to the point (RA^, DEC^) • The sun is at (RA g , DEC g ) , 

and the y axis is at (RA , DEC ) . The camera coordinate orientation is 
c y y 

different from the celestial coordinates and the rotation between them must be 
determined in order to determine the line of sight ( RA^, DEC^) of the particle. 

Figure A-8 shows the spherical trigonometry for the program, e is the angle 
between the line of sight to the particle and the x^ axis: 


€ = 



£ is the angle between the y axis and the declination axis at the x axis: 

c c 


i = arc cos fsin ( DEC ) cos ( DEC ) 

L y x 

- cos ( DEC ) sin (DEC ) cos (RA - RA )] - 
y x y x J 


90 
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RA„“CONST ANT 



Figure A-8. Spherical trigonometry. 

The positive direction of £ is as shown in Figure A-8*, and u is the angle 
defined by: 

u> = arc tan 
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The correction for the right ascension and declination of the line of 

sight of the particles to that of the x axis is RA and DEC . By trigonom- 

c 00 

etrv, these corrections are given as follows: 


DECj = arc sin f sin e sin (w + £)] 

RA^ = arc sin f sin e cos (w + £ )/cos DEC^l 

Hence, the celestial coordinates of the particle line of sight are as follows: 


RA = RA - RA, 
p x d 

DEC * DEC + DEC , 
p x d 

Note that the negative sign in the right ascension equation is a result of the 

right ascension increase along the +y axis direction. 

c 

Now the scattering a. gle is the spherical trigonometry difference 

between the solar direction (RA , DEC ) and the line of sight through the 

s s 

particle (RA , DEC ). From Figure A -9 the scattering angle is given as 
P P 

follows: 


cos0 = (cos (IRAp - RAjI) + cos* (90 - DEC S ) ( I * cos(|RAp - RA S I»] cos(|DECp - DEC $ |) . 


The parameters for the scattering angle equation are RA g , DEC g = solar 

celestial coordinates; x , y , z = particle camera coordinates; and RA , 

c c c x 

DEC and RA , DEC or $ = the spacecraft orientation, 

x y y 

SPACECRAFT MOTION 


The following statements concern the effects of a spacecraft rotation 
and an effective translation upon the position of a particle in the camera coor- 
dinate system. The coordinate systems to be considered are shown in Figure 


A- 10. 


The particle camera coordinates are 





and, after a 
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CELESTIAL POLE 



CELESTIAL EQUATOR 


Figure A-9. The scattering angle © in terms of right ascension. 

( tv p p «vn\ 

x , y , z I. 
c J c c/ 

Similar notation is used for the coordinates of the particle in the spacecraft 

„ , p p p , ~p ~ p ~ p 

center of mass svstem; i.e., x , y , z and x r , y r z . 

cm cm cm cm cm, cm 

The procedure is to find the particle in the camera coordinate system 
assuming no transformation ( i. e. , rotation or translation) and then convert 
over into the center of mass coordinates (cm). After the cm coordinates are 
obtained, the transformations are performed. Thereafter, the conversion of 
the cm coordinates to the camera coordinates gives the new relative position 
for the particle with respect to the camera. 
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PARTICLE (t“0) 



Figure A- 10. Coordinate systems for spacecraft 
motion considerations. 


The particle coordinates in the cm system are given by: 

pop 
x = x + x 

cm cm c 

pop 

y = y + y 

cm cm c 

pop 

z = z + z 

cm cm c 

where fx° , y° , z° ) is the origin of the camera system in terms of cm 
\ cm cm cm/ 

coordinates. 

Now assume that the cm has an acceleration of a = (a , a , a ) 

cm x y z 

during time At from the particle emergence until the time being considered. 
The effective translation is then: 


x l = — a (At) 2 
cm 2 x 


y l = ^ a (At) 2 
cm 2 y' 
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*• _ 1 „ / \ A 2 

translation are: 

a (At) 2 
x 

a (At) 2 

y 

a (At) 2 
z 

The rate of rotation is given by the rate of the gimbal angles which are 

a set of Euler angles relating the spacecraft axes to an inertial system. Let 

9 and i be the rates of a set of Eulerian angles 0 , 0_, and ip„; 
u O u G G O 

then the rotation of the spacecraft is given as follows: 

*G ’ 0 G d ‘ 

9 G " °G At 
*G * ■ 

Therefore, the particle position in the rotated cm coordinates is given 
by the following equations [ 10] : 

X L, = lcos cos " 008 9 n sln sin 

cm 00 u 0 o cm 

+ [cos ip sin <?> + cos 9 cos <p sin ip_) y' P 

G G G (jr G Cm 

+ [sin ip sin 9 ] z' p 
G G cm 

y P = [-sin ip cos <p - cos 9 sin <f> cob ip ) x' P 

cm G G G G G cm 

+ [-sin ip- sin <p„ + cos 0_ cos cos * ] y' P 
G G G G G cm 

+ [ cos ip_ sin 0 ] z' p 
G G cm 


u 7 a 

cm 2 z 


The cm coordinates after 


<’ P = 
cm 


°,1 

X + - 

cm 2 


y’ p 

cm 


o 1 
y + — 
^cm 2 




cm 


= z 


cm 


+ I 

2 
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z P = [sin sin 0 _] x' P + [-sin 0 _ cos <p_\ y' P 
— G G cm G G J cm 


cm 


+ [cos 0 I z' P 
G cm 


Now, after the rotation, the new camera coordinates are given as 


follows: 


~p 

x 

c 


*'. p 




= x 


= y 


cm 

P 


;P _ 


z = z 


cm 

P 

cm 


- y 


cm 

o 


- z 


cm 

o 

cm 


The celestial positions of the rotated +x and +y axes are now to be 

c c 

determined. One must first calculate the original +z axis in celestial coor- 

c 

dinates. Using 4 > one finds DEC and RA similar to DEC and RA : 

z z y y 


DEC = 90* - cos" 1 [-cos (DEC ) sin (4 - 90°)) 


RA = RA + cos -1 
z x 


sin(DEC x ) sin (4 - 90°) 


cos ( DEC ) 
' z 


The directional cosines between the celestial Cartesian coordinates 

(f , m, n) and the unrotated camera coordinates (x , y , z ) are given by: 

c c c 

o s cos (<n, w) = cos (90 - DEC ) 
w w 

p = cos ( <1 , w) = cos ( RA ) cos ( DEC ) 
w w w 

y = cos (<m, w) = cos (RA - 90) cos (DEC ) , 

w w ' w 


where w refers to x , v , or z axes. 

c ‘ c c 
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Then the +x values in the ( i , m, n) system are given as follows: 
c 



where +y and +z are obtained similarly. Hence the values of t , m , n , 
c c xxx 

etc. , for the rotated values are obtained by the matrix equation: 




cos 0 cos 0 - cos 0 sin 0 sin 0 -cos 0 sin 0 • cos 0 cos 0 cos 0 sin 0 sin 0 


V 

"V 

= 

sin 0 cos 0 + cos 0 sin 0 cos 0 -sin 0 sin 0 + cos 0 cos 0 sin 0 -cos 0 sin 0 


m w 

_ n w 


sin 0 sin 0 sin 0 cos 0 cos 0 


. n w. 


where angles in the rotation matrix have taken on negative values for the 

angular rates. The rotated +x and +y positions are determined from: 

c c 


RA = arc tan (m / i ) 
w w w 


DEC = arc sin ( n ) 
w w 


and can be used to calculate the new scattering angles. 


IMAGE THEORY 

The calculated position, distance, and radiance for the particles are 
transformed by the camera into a recorded image. The image depends on 
optical transformation performed by the camera. 

The camera forms a perspective projection of the object points. Nor- 
mally, this projection is inverted, but for analysis the inversion will not be 
considered. The location of each point on the film is given by the tangent of the 
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angle between the line of sight to the point to be projected and the vector normal 
to the center of the plane of the film ( the x axis of the camera system) 

(Fig. A- 11) . Given the camera coordinate system, assume a vector R in that 
system pointing toward the point to be imaged. Then the and coordinates 

on the film of the projection of the point are given as follows: 


y f ■ ( - y c /x c > F1 

\ ■ f-W F1 

where R = (x , y , z ) and FI is the focal length of the camera, 
c c c 

The field of view of the camera determines if t » particle will appear 
on the film plane. Using x c as a parameter and for a camera with a 6 

degrees by p degrees format, the defining equations are as follows: 



Figure A- 11. Perspective projection. 


<»0 



-x tan 6 < v 
c • c 


+ x tan 6 
e 


-x tan u 
c 


z -= + x tan u 
c c 


as shown in Figure A- 12. 

The effective diameter on the film will be derived by using basic optics. 

If a point source is not focused by the camera, the image will be enlarged. 

Let s and s’ be the object distance and the mage distance, respectively, 
o o 

for the actual camera settings determined by [ 11] , 


F ! 



For the true object distance s , the image distance s' is given as follows: 

1 1 1 

FI s + s’ 


From the last two equations and Figure A- 13, the effective image size d_ , as 

U 

a result of having the film plane not at the focal point, is given as follows: 
d_ = I s’ - s' I • D/s’ 

u O 


Yc-XpUn 6 


Figure A- 12. Field-of-view boundaries 
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This equation can be written as: 

d = Is - s I • FI • D/(s|s - Fl|) 

G o o 

or in camera coordinates this becomes 

d = |x - x°| • FI * D/(x |x f ' - Fl|) , 

G c c c c 

0 

where x is the object distance setting of the camera. Hence, the image size 

for a particle on the film decreases as the particle reaches the object distance 
setting and then increases. 

For an extended source of radius a, the ’mage size for a focused 
particle will b* 

dj = a s’ /s 

or in camera coo linates: 

d, * a Fl'lFl - x i 

1 c 


where similar equations are employed as before. 



Diffraction bv the lens aperture increases the diameter by a term of: 


d Q = 2AF1/D 


where A is the effective wavelength and D is the diameter of the lens. 

The effect of diffusion of light within the film gives an additional term 
dp [ 12 1 . Hence, an estimate of the image size on the film becomes: 

d = |x - x°| D • Fl/(x I x° - F 1 1 ) + d„ + 2 • A * Fl/D + aFl/|Fl-x 1 . 

c c c c F c 

Further improvement of the above formula would employ the optical transfer 
function for the camera being used. 


DENSITY LEVEL 

The density level obtained on the film depends on the radiance at the 
film and the film sensitivity. 

The scattered spectral radiance L (A) times the area of the camera 

s 

lens irD 2 / ■* defines the power incident into the camera system. This power is 
concentrated into the image of area ird 2 /4 ; hence, the spectral radiance of the 
film is: 


E(\) = L g (A) 


For a particular developing process the spectral film sensitivity S(A) is 
defined as the reciprocal of the exposure required at a given wavelength to pro- 
duce a given density. Thus, the energy per unit area required to produce a 
given density D is given by 


E(D, A ) = 


S(D, A) t 


R3 



where t = exposure time. 


The energy per unit area at the film from a particle scattering sunlight 
is given by 


E= J 
0 


L U) . 

sun Ir do,. x v .x 
5 T A) dA 

R d 2 dfi 


The density produced by the resulting exposure is determined from the appro- 
priate characteristic curve for the film and processing. 

The differential scattering cross section 0 dependence would be included 
by taking an integral over the solid angle defined by the camera lens [ 13] . The 
variation in 9 is small, and the value of do/dft at the average value of 9 is 
assumed. 

The formulation developed in this section allows one to determine the 
photographic images of particles emerging from a nozzle and traversing the 
field of view of a spacecraft camera. The approximations allow the determina- 
tion of the optical image and density on the film. 


Analysis 

In this section, results of the developed perspective projections are 
presented. Views of various nozzle dumps and window locations are presented 
to establish a basis for the particular results from the various Apollo photog- 
raphy to be considered. 


REPRESENTATIVE TRAJECTORIES 

Figures A- 14 and A- 15 are the computer plots for a water dump as 
viewed from window 2 with a field-of-view of 20 by 20 deg ( Hasselblad) about 
the x axis. In each case (0 = 50 and 60 deg) the particle trajectory tracks are 
traced from when they enter the field of view from the left until 20 sec after 
they have emerged from the nozzle. The set per view is given for 9 - +5 , 0, 
-5, -10, -15, and -20 deg. 








Figure A- 14. Computer plot of particle from water dump as seen in 
window 2; p * 50 deg and 6 = 5, 0, -5, -10, -15, -20 deg. 


Of particular importance is the case p = 60 and 0 = 0 deg. Then the 

particle’ s y and z coordinates are constant, and only x changes accord- 
c c c 

ing to x =x’+Vt. Therefore, the particle’ s perspective trajectory appears 
c r 

to sweep toward the center of the field of view. The center of the frame is then 
the asymptotic limit for this case, since: 
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Figure A- 15. Computer plot of particle from water dump as seen in 
window 2; /3 « 60 deg and 9*5, 0, -5, -10, -15, -20 deg. 


limit arc tan 

x — ® 
c 



0 


If the particles appear on the frame further away from the nozzle direction than 
the center, then it follows that these particles have a cone angle 0 greater 
than GO deg. 





For the set of /3' s it i£ seen that as 0 increases, the cone formed by 
the termination of trajectories at t = 20 sec and the set of 0* s steps across 
the frame ( Fig. A- 16) . 

Figures A- 17 and A- 18 illustrate the effect of a spacecraft rotation. In 

this case, a hypothetical nozzle is located in front of the camera, and the space- 
• • • 

craft rates p, 0, and tp are a rapid 1 deg per sec. When the particle is close 
to the spacecraft, the angular rate across the frame is fast and the spacecraft 



Figure A- 16. Surfaces of the cones formed by water dump as seen from 
window 2; cones are defined by 0 and generated by 0. 
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Figure A- 17. Effect of spacecrait rotation on particle tracks as seen 
from window 2; j3 = 60 deg and 0 = 5, 0, -5, -10, -15 deg. 


rates in comparison are slow. As the particle moves away from the spacecraft, 

the angular rate of the particle decreases and the spacecraft rate dominates. 

In the case illustrated, the spacecraft rotation is downward and drives the 

particle tracks toward the top off the frame. The angular rate for the particular 

particle for which y and z are constants and x = x* + Vt is given as 
.... c c c c 
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where b = Jy 2 ^ + and r = J ( x c + Vt) 2 + + z 2 . Assuming that w is the 

spacecraft rotation rate and that it is perpendicular to the particle apparent 
motion, then the angle of the particle' s apparent motion with its original track 
will increase according to arc tan ( r^/Vb) . 

For Figures A- 14 and A- 15, the nozzle is located behind the camera 
x c = 0 plane. As a result, the tracks of the emerging particles appear to 

converge as they pass in front of the camera instead of diverging as one would 
firs* expect. This perspective is illustrated in Figure A- 19, where in Figure 
A- 19(a) the source is in front of the camera and the particle tracks diverge 
from the source. In Figure A- 19(b) the camera forming this frame is looking 
away from the source and the particles appear to converge. In Figure A- 19(c) 
this result is shown as being strictly a result of geometry. Two particles 
emerge from the source; one particle (A) passes through point A1 then A2, 
and the other ( B) passes through point B1 and B2. The particle A appears to 
radiate from the source as viewed by camera A. Particle B appears to con- 
verge towaid the image point which is located by drawing a line from the source 
through the camera B. The points ( A 1, A2 and Bl, B2) are shown in Figures 
A-l9(a) and A-19(b) also. If a particle reached the image point without 
interference, then it would be viewed by camera B as a point. 

An accumulation for the trajectories from Figure A-14 is shown in 
Figure A-20. The tracks are continued outside the field of view and are shown 
to converge at the image point. The figure has been reflected about a plane 
normal to the paper. 

As an illustration of the angular rate expected, the 0 = 0, P = 60 deg 
case is considered for a water dump as viewed from window 4. Figure A-21 
depicts the position of the particle in 1-sec increments from a time 7 sec to 
21 sec after it emerges. As seen from the equation for 0 , this decrease in 
rate is approximately Vb/r 2 . 

In terms of photographs, the exposure ( E - irradiance times exposure 
time) determines the density levels obtained. As a particle recedes, the 
irradiance at the camera due to scattered light is proportional to l/r 2 . Since 
the exposure time is dependent on how long a particle' s light is impinging on 
a location on the film, then it is dependent on 0. Therefore, the exposure is 
approximately independent of the particle position. The further away the 
particle is, the weaker the irradiance, but it irradiates an area on the film 
longer before traveling to an adjacent area ( Fig. A-22) . 
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a. Source point in front of camera and in large field of view; 
small field of view shown as dashed box. 



b. Source point behind camera and image point l.i large field of view. 



c. Geometry of camera and source for a and b; dot-dash lines 
run through source and camera lens. 

Figure A- 19. Effect of location erf source on particle tracks. 
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Figure A-21. Position of pf- **ticle in 1-sec increments; 0 = 0 and /? = 60 deg; 
window 4, water dump nozzie, and V = 100 cm/sec used to generate tracks. 



TRAVEL TIME (SEC) 

Figure A-22. Effective exposure versus time from emergence from nozzle; 
the effective radiance shows the l/R 2 effect. 
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Figure A-23 is an illustration of an auxiliary hatch dump viewed from win- 
dows 2 and 4 by a 16-mm DAC. In Figure A -23 (a) the tracks for the left and right 
window are shown. From the indicated slopes, the tracks appear to be con- 
verging to an image point in each case. Figure A-23(b) represents a sample 
track obtained simultaneously from each window. In Figure A-24 a single track 
is analyzed in terms of the stereographic views. The vertical bars specify the 
position of the other camera' s field of view at the indicated time. The particle 

had to be down the x axis by 220 cm before it could be observed by both 
c 

cameras. The vertical starting and end points of a particle are the same for 
each camera. Since the particle is closer but above window 2, the slope of 
the trajectories in that case is more inclined. 

As a prelude to the discussion of Apollo 15 photography, the theoretical 
results of a waste water dump and a urine dump as observed from window 4 are 
presented. Figure A-25 shows the same general tracks as Figure A-14. Table 
A-l gives various time points and the location in normalized coordinates which 
give the center as ( 0, 0) and the upper right-hand corner as ( 1, l) . Figure 
A-26 and Table A-2 give the same information for a urine dump as viewed by 
the 16-mm DAC camera ( 24 x 32 deg) . The extended trajectory tracks for both 
dump nozzles are given in Figure A-27 for window 4. The solid lines are 
coming from the water dump nozzle and the dashed lines are coming from the 
urine dump nozzle. 


APOLLO 15 PHOTOGRAPHY 

On the Apollo 15 mission, a series of photographs was taken from win- 
dow 4 with the 16-mm DAC using the 18-mm lens [2]. The lens was set at 
f/0. 95 and focused on infinity. Type SO 16. 3W film was used. 

Four photographic sequences were take: : ( l) just prior to the liquid 
dumps at GET 272:00:00, (2) 1 to 5 min after the dump, (3) 8 to 10 min after 
the dump, and ( 4) 25 to 28 min after the dump. A sequence consisted of a set 
of four exposures at 1, 20, 60, and 100 sec. The objective was "( l) to measure 
the intensity of the contamination cloud associated with the spacecraft in a clean 
configuration (just prior to a liquid dump with thrusters inhibited) and ( 2) to 
evaluate the impact of liquid dumping on seeing conditions." 

Two 20-sec photographs at 8 to 10 and 25 to 28 min are shown in Figure 
A-28. Figure A-29 shows the association of a particle with the water and urine 
dump nozzles. It is seen that particle A is associated with the water dump 
nozzle. This choice is conclusive when the slope versus track length is plotted 
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Figure A-23. Particle trajectories resulting 

nozzle and viewed from 


-a 

c/i 
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Figure A-25. TraieoVries of particles from water dump seen from window 4 with a DAC. 


TABLE A- 1. WATER 


Beta 

Theu 

50 

60 

-20 

■B 

T X 



-15 


11 0.0410 

?2 -0.0136 
20 -0.2450 

-10 


6 0.8305 

7 0. 6325 
20 -0.0573 

0 

13 1. 0305 0. 8360 

14 0.9791 0.8183 

20 0. 7697 0. 74G3 

7 1. 0555 

8 0.9076 

20 0. 3384 

L! 


12 1. 0342 

13 0. 9830 

20 0. 7743 


DUMP NOZZLE, V = 1 m/sec 



70 

80 

Y 

T 

X 

Y 

B 

X 



6 

-0. 1221 

0. 9983 

3 

0.9285 

0.9183 


7 

-0.3088 

0.9199 

4 

0. 0253 

0.5952 


20 

-0. 9546 

0. 6488 

8 

-1. 0158 

0.2228 

1. 02 10 

4 

0. 8358 

0. 8827 

4 

0.2901 

0. 1426 

0. 9984 

5 

0. 3766 

0. 7 186 

5 

-0. 1660 

+ 0.0116 

0.9027 

20 

-0.7398 

0.3196 

11 

-0. 9961 

-0.2268 

0.9392 

4 

1. 0685 

0. 4935 

4 

0.5621 

-0.2748 

0.8670 

5 

0. 6055 

0.3537 

5 

0. 1001 

-0.3790 

0.6157 

20 

-0.5244 

0. 0124 

20 

-1.0139 

-0.6301 

0. 2947 

0 

1. 1016 

-0.3091 




0.2534 

6 

0. 8069 

-0. 3702 




0. 0945 

20 

-0.8020 

-0. 5544 




-0. 3215 

7 

1. 1394 

-0.9865 




• 0.3321 

8 

0.9852 

- 1. 0062 





0. 32 15 
0.3321 
0. 3754 
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Figure A-26. Trajectories of particles from urine dump seen from window 4 with a DAC. 


TABLE A-2. URINE DUMP NOZZLE, V » 1 m/sec 


N. Beta 
Thet!t\ 

50 

60 

70 

80 


T 

X 

Y 

T 

X 

Y 

T 

X 

Y 

T 

X 

Y 








4 

0. 9891 

1. 0423 

4 

0. 3349 

0.4714 

-20 







5 

0. 4603 

0.9841 

5 

-0. 1898 

0. 4433 








20 

-0. 8222 
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Figure A-27. Extended trajectories of particles from water and urine 
dumps as seen from window 4 ( solid lines are from water dump 
nozzle; dashed lines are from urine dump nozzle) . 


( Fig. A -.'Jo) . The slope varies because of spacecraft rotation. For near 
particles, the slope approaches that given for no rotation. Then, for these 
cases, the separation of particle species can be made. For particle B, if a /J 
of 80 to 70 deg is assumed, then the velocity is approximate!) 80 to 135 cm/sec. 


STELLAR CAMERA PHOTOGRAPHY 

In lunar orbit the stellar camera on Apollo 15 recorded numerous bursts 
of particles. Figure A-31 is such an example. On Apollo 16 and 17 no phenom- 
enon approaching such particle showers was recorded on tlr.. stellar camera. 
Very few frames had any contamination. On those showing contamination, che 
number of particles seen is small. 

Correlation of the times of the particle showers on Apollo 15 with the 
times of the urine and waste water dumps has revealed that in most cases 
particles appear 4 hours after a dump and just after the terminator has been 
passed. Table A-3 gives the time of the initial frames showing tracks, the 
time of the dumps, and the time of the terminator. 
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Figuit. A-29. Selected tracks from Figure 28(a) ; particle A is associated 

with the water dump, and particle B with the urine dump nozzle. 

The stellar camera was not extended during any dumps. All extensions, 
with one exception, were approximately 2 to 4 hours after dumping had ended. 

Figure A-32 shows again the trajectories from Figure A-31 which appear 
to come trom a source. However, there are several trajectories which are 
randomly oriented. Also shown on Figure A-32 are the tracks which would 
appear if the particles had originated from the reaction control system A-l 
engine or the waste water dump nozzle. Since these particles do not match the 
observed ones, another source must be sought. 

When the tracks are extended, there is a localization of track crossings 
at 65. 6 deg below and 69. 2 deg to the right of the frame. Employing the rough 
position for the origin of the tracks, the origin would have to lie on a line defined 
in stellar camera coordinates by: 

y - -x tan 69. 2 deg 

z = -x tan 65.6 deg 
s s 
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TABLE A-3. TIME CORRELATION 
FRAMES CONTAIN. 


’S WITH STELLAR CAMERA 
MINATION 


GET for 
Dump & 

GET for 
Terminator 

GET for Initial 
Photograph 

REV 

80:20 

84:42 

84:48 

4 

97:52 




125:20 

129:26 

129:32 

27 

146:59 




170:25 

174:50 

174:54 

50 

193:59 

194:32 

194:35 

60 


a. Times supplied by Robert Giesecke of Johnson Space Center. 


This line is shown on Figure A-33, after a transformation to spacecraft coordi- 
nates. The dashed portion of the line is within the interior of the spacecraft. 
Since the origin would be on the spacecraft skinline, there are two origins, one 
within 0. 5 m of the stellar camera and the other in front of CM window 1. Both 
positions have no known vents associated with them. 

The extend/ retract times and times for maneuvers which may affect the 
stellar camera are given in Table A-4. The extension at 194:30 corresponds to 
the end of the time allotted ( 1 hour) for a urine dump. 
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Figure A-32. Trajectories of Figure A-31 retraced to shov’ relationship 
to particles from reaction control system A- 1 engine ( dashed line) 
and waste water dump (dotted line) . 
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TABLE A-4. TIME OF EVENTS WHICH MAY GENERATE PARTICLES 


GET 

Extend 

GET 

Retract 

GET 

Maneuver 

Maneuver 

84:07 

95:12 

84:11 

+x forward 

128:30 

130:40 

125:47 

+x forward 

150:02 

152:13 

145:04 

40° north oblique 

174:40 

175:31 

173:15 

+x forward 

194:30 

195:30 

193:30 

+x forward 
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